Sterile immunity against live Plasmodium infection can be achieved by immunization with radiation-attenuated sporozoites. This protection is known to be mediated in part by antigen-specific memory CD8 þ T cells, presumably those residing in the liver. We characterized and compared the transcriptional profile of parasite-specific memory CD8
INTRODUCTION

CD8
þ T cells are crucial components of the protective immune responses against the malaria parasite Plasmodium.
1 Numerous studies have shown that CD8 þ T cells specific for the circumsporozoite protein (CS), expressed by Plasmodium sporozoites and the early phase of development within hepatocytes, can efficiently block the ability of the parasite to progress to the next stage of the life cycle. 2 This anti-CS CD8 þ T cell response is initiated by dendritic cells in regional lymph nodes draining the skin area where sporozoites are introduced during mosquito blood meal or after needle inoculation. 3 A few days after priming, activated CD8 þ T cells egress from the lymph nodes and disseminate to different peripheral organs where they establish residency. Months after immunization with sporozoites, memory CD8 þ T cells specific for the CS epitopes can be detected in lymphoid and non-lymphoid organs, including the liver and the spleen. 4 
During malaria infection, CD8
þ T cells present within the liver can rapidly eliminate liver-stage parasites by the recognition of parasite epitopes presented by hepatocytes. 5 Significantly, tissue-resident CD8 þ T cells are considered to be a critical component in the protective response to a number of intracellular pathogens. 6 Naive CD8
þ T cells can develop into effectors with a heterogeneous array of functional activities. This is true even if the effector cells develop from a single naive precursor, suggesting that this diversity may, in part, result from the influence of tissue-associated microenvironments. In support of this, previous studies have suggested that memory CD8 þ T cells residing in the gut 7 and skin 8 are different in surface phenotype and functional properties from those residing in lymphoid organs. Presumably, these differences reflect differential gene expression. Gene expression profiling of tissue-derived CD8 þ memory T cells may provide important insights into immunity and vaccine development against intracellular pathogens.
In this study, we compared spleen-and liver-resident memory CD8 þ T cells specific for the H-2K d -restricted Plasmodium yoelii epitope SYVSAEQI. Epitope-specific naive T-cell receptor (TCR)-transgenic CD8 þ T cells were adoptively transferred into naive mice, which were subsequently immunized with irradiated parasites. This approach allowed us to compare the gene transcription profile of the sporozoite-induced memory CD8 þ T-cell populations, that have identical TCRs but differ solely in their organ of residency. We report a large number of differentially expressed genes, some of which may critically influence tissue trafficking, activation status, effector function and the maintenance of tissue-associated memory.
RESULTS
CS-specific memory CD8
þ T cells from spleen and liver display different transcriptional profiles A low number (5 Â 10 3 ) of naive Thy1.1 þ CD8 þ T cells specific for the Plasmodium yoelii H-2K d -restricted epitope SYVSAEQI 9 were transferred to naive Thy1.2 þ -recipient mice, which were then immunized intradermally with irradiated P. yoelii sporozoites (Figure 1a ). Forty-five days after immunization, the expanded antigen-specific memory CD8
þ T cells, all of which were CD44 hi (Figure 1b), were purified from the spleen and liver by cell sorting, resulting in 495% purified population that were CD8 þ Thy1.1 þ (Figure 1c ). RNA harvested from these cells was then used to perform gene expression analysis using Affymetrix mouse exon 1.0 microarray chips. A total of 588 genes were differentially expressed (FDR q-value ¼ 0.05, absolute fold-change of 1.8) between naive and memory CD8 þ T cells isolated from the spleen (spleen-PyCD8). Similarly, when comparing naive cells with liver-derived memory CD8 þ T cells (liver-PyCD8), using an identical cutoff, 545 differentially expressed genes were identified (Figure 2a ). Principal component analysis (PCA) of the microarray results showed a distinct segregation between naive CD8 þ T cells, spleen-PyCD8 and liver-PyCD8 (Figure 2b) . These results indicate a divergent gene expression pattern displayed by these two tissue-derived memory CD8
þ T-cell populations of identical TCR specificity. A direct comparison of the transcriptional profiles of memory liver-PyCD8 and memory spleen-PyCD8 identified a total of 260 transcripts that were differentially expressed (FDR q-value of 0.1, unadjusted P-value range: 3.9778 Â 10 À 8 to 0.0028 and absolute fold-change of 1.8) (Supplementary Table S1 ). A heatmap generated by hierarchical clustering of the differentially expressed genes shows the unique expression pattern in liver and spleen memory CD8 þ T cells (Figure 3a) . The array-based results were validated by reverse transcriptase-PCR of selected genes involved in lymphocyte migration and effector functions (Figure 3b ).
GO analysis
Analysis of gene ontology (GO) suggested that many of the transcripts, which were differentially expressed between liver-and spleen-derived CD8 þ memory cells, are involved in immune responses, as indicated by a high enrichment score (negative log of the p-value by Fisher's exact test) (Figure 4a ). Amongst genes with known immune function, we observed increased expression of Cd40lg, Fasl, Ifng, Tnfsf10, Cd7 and decreased expression of Ccr2 and Ccr7 in liver, but not in spleen-PyCD8 memory cells. In addition, genes involved in other biological processes, such as cell cycle, chemokine binding, sugar binding, lysosphingolipid and lysophosphatidic acid receptor activity, were also highly enriched among the differentially expressed gene list.
Cell cycle genes. Many of the genes encoding cell cycle proteins, such as Ki67, Ccnb2 (cyclin B2) and Chek1 (checkpoint kinase 1 þ T cells at 1 month and 5 months after immunization suggested that these cells undergo more vigorous homeostatic proliferation than the cells with identical specificity isolated from the spleen (Figure 4c ). Consistent with this observation, we have observed high levels of homeostatic proliferation by liver-resident memory CD8 þ T cells, as determined by in vivo 5-bromo-2'-deoxyuridine incorporation (data not shown). However, this increased level of homeostatic expansion is independent of changes in the expression levels of homeostatic cytokine receptor genes Il7r or Il15r. Although the levels of Il15r expressed in memory liver-PyCD8 and spleen-PyCD8 cells were comparable (liver vs spleen: 1.3-fold), the level of Il7r was found to be lower in liver-CD8Py at both the transcript and protein levels (Figure 4d ).
Chemokine and carbohydrate binding. Trafficking to peripheral organs requires the expression of particular combinations of homing and adhesion molecules, such as chemokine receptors, integrins and selectins. 6 We observed the downregulation of the genes encoding classical central memory markers CD62L and CCR7 in liver-CD8Py compared with the spleen-PyCD8. These differences were expected, as we were comparing memory T cells harvested from lymphoid and non-lymphoid organs. Notably, we also observed differential expression of genes encoding other chemokine receptors in our data set. Although all of the memory liver-PyCD8 cells expressed CXCR3, there were distinct CXCR3-high and CXCR3-low subpopulations of spleen-PyCD8 memory cells. In addition, liver memory cells appeared to have a slightly increased protein expression of CXCR6 and a downregulation of Ccr2, Cxcr4 and Cx3cr1 (Figures 5a and b) . CXCR3 has been reported to have a role in the homing of CD8 þ T cells to the liver, 10 whereas CXCR6, a receptor for one of the two known transmembrane chemokines CXCL16, appears to be important for liver-resident natural killer T cells homeostasis.
11
Besides CD62L (L-selectin), many carbohydrate-binding molecules, such as members of the killer cell lectin-like receptor (KLR) family, were also selectively downregulated on liver-PyCD8 memory cells when compared with either spleen-PyCD8 memory cells or naive cells: Klrc1(NKG2A), Klrc2 (NKG2C), Klrc3 (NKG2E), Klrd1 (CD94), Klre1, Klrk1 (NKG2D) and Klrg1 (KLRG1; Figure 5c ). It is noteworthy that expression of the gene encoding KLRG1, a marker of terminal effector T cells as well as a predictor of memory potential, 12 was significantly lower in liver-PyCD8 compared with spleen-PyCD8 (liver vs spleen: 6.5-fold). The differential expression of these surface markers, particularly chemokine receptors, may be important not only for the egress of T cells from lymphoid organs, but also for the trafficking of activated T cells to the liver.
Transcription factors. There were several notable differences between liver-PyCD8 compared with spleen-PyCD8 memory cells in their expression of the genes encoding transcription factors Gene expression of malaria-specific CD8 þ T cells S-W Tse et al (Figure 5d ). KLF2 is known to regulate T-cell trafficking, 13 in part, through the regulation of synthesis of sphingosine 1 phosphate (S1P) receptor and CD62L. Consistent with this, we observed a concomitant decrease in the expression of Cd62l and three members of the S1P receptor family (S1pr1, S1pr4 and S1pr5) in the liver. The decreased expression of these molecules may allow the egress of activated T cells from lymph nodes.
14 Another transcription factor that showed differential expression pattern between liver and spleen memory CD8 þ T cells is the T-bet/Tbx21 homolog Eomes, known to be involved in the regulation and maturation of effector T cells. 15 Although liver-PyCD8 T cells expressed lower levels of Eomes than their splenic counterpart, both spleen-and liver-derived memory cells expressed homogeneously high levels of Tbx21/T-bet (Figure 5e ).
The gene Zeb2 (SIP1) was dramatically upregulated on spleenPyCD8 memory cells when compared with liver-PyCD8 or naive cells (liver vs spleen: À 9.4-fold). The function of SIP1 in lymphocytes is unknown, but recently it has been described to be important for the expression of molecules that control the signaling in mast cells. 16 Other pathways of interest. Spleen-PyCD8 memory cells preferentially expressed genes associated with G-protein-coupled signaling, small GTPase-mediated signaling and genes involved Gene expression of malaria-specific CD8 þ T cells S-W Tse et al in cellular signaling cascades (Figure 5f ). These genes include Rasgrp2 (encodes a RAS-releasing protein), Arhgef18 (encodes a Rho/Rac GEF protein) and Rap2a (encodes a RAS-releasing protein). However, the level of Rgs1, which encodes for a regulator of G-protein signaling, was significantly upregulated in liver-PyCD8 memory cells (4.4-fold liver4spleen). Interestingly, recent studies from our laboratory indicate that G-protein-coupled signaling is critically involved in the elimination of parasite-infected hepatocytes by CD8 þ T cells (unpublished). The gene Dusp6 (dual specificity phosphatase 6, also known as MAP kinase phosphatase), a known negative regulator of the Ras/mitogen-activated protein kinases pathway, was also found to be specifically upregulated on liver-PyCD8 memory T cells. Figure 6 . GSEA analysis of liver-resident memory CD8Py T cells. Protein expression of (a) GZMB and (b) CD69 among spleen and liver memory CD8Py. (c-e) GSEA was performed to determine whether (c) upregulated effector gene set, 19 (d) repeated immunization gene set 21 and (e) exhaustion-associated gene set 22 show specific enrichment to liver memory CD8Py induced by irradiated sporozoite immunization. Gene
þ T cells share a gene expression profile with memory populations described in previous studies, we performed gene set enrichment analysis (GSEA), which uses enrichment scores to determine the relative enrichment of up-or downregulated gene set in a ranked list of genes. 17, 18 The higher levels of production of the effector protein granzyme B (GZMB; Figure 6a ) and CD69 (Figure 6b ), a marker of recent TCR engagement, suggested that the transcriptional profile of liver-resident memory CD8 þ T cells may correspond to an 'effector' phenotype. To explore this possibility, we compared the gene signature of liver-PyCD8 memory cells with the expression profile previously described for effector CD8 þ T cells induced by lymphocytic choriomeningitis virus (LCMV) infection. 19 
GSEA
18 revealed that parasite-induced liver-PyCD8 memory cells did not resemble the profile described for effector cells induced by LCMV, as they do not have a significant enrichment of genes that were uniquely upregulated in the anti-LCMV effector CD8 þ T cells (Figure 6c) .
As it is known that CS antigens can persist for nearly 2 months after immunization with intact, radiation-attenuated parasites, 20 we hypothesized that the distinctive phenotype of liver-PyCD8 T cells could be the result of continuous antigen stimulation or T-cell exhaustion. Therefore, we compared the transcriptional profile displayed by liver memory CD8 þ T cells with the profile of T cells subjected to repeated stimulation with Listeria 21 and those in a state of exhaustion after chronic infection of LCMV. 22 GSEA revealed that malaria sporozoite-induced liver memory CD8 þ T cells do not display a gene enrichment profile similar to that displayed by memory cells subjected to repeated antigenic stimulation (Figure 6d ). Moreover, we found that the liver memory population shares some transcriptional signature displayed by exhausted T cells (Figure 6e ). Importantly, we did not observe transcriptional upregulation or protein expression of the hallmark inhibitory markers such as PD1, CTLA4 and LAG3 (Figures 6f and g ). On the other hand, the transcript levels of inhibitory receptors CD160 as well as Lilrb4/Gp49b ( Figure 6F ), a member of the leukocyte immunoglobulin-like receptors that contains an immunoreceptor tyrosine-based inhibition motif and is known to be involved in the regulation of cytotoxic responses in T cells and natural killer cells, 23 were significantly higher among liver memory CD8 þ T cells when compared with spleen memory cells. Taken together, these results suggest that the liver-resident CD8 þ T-cell phenotype induced by immunization with irradiated Plasmodium sporozoites is distinctive from the transcriptional profiles of memory CD8 þ T cells described in other microbial challenge systems.
DISCUSSION
We report studies describing the transcriptional profiles of memory CD8 þ T cells induced by immunization with radiationattenuated Plasmodium sporozoites. We found that antigenspecific memory cells homing to the liver display a profile that differs significantly from that observed in memory cells residing in the spleen. This is a most intriguing finding considering that these two memory populations originate from identical naive T-cell precursors, sharing an identical TCR that was activated simultaneously after a single immunization.
The liver-PyCD8 memory T cells share characteristics with effector memory cells, described in other systems, such as a lower expression of CD62L and CCR7 markers used to differentiate between central memory and effector memory subsets. 24 This finding is also consistent with our previous study that indicated that liver memory cells express lower levels of CD62L and CCR7. 4 However, it is now widely recognized that substantial subset heterogeneity exists within the memory CD8 þ T-cell population. 25 Indeed, distinct memory CD8 þ T cells residing in different peripheral organs can be further differentiated from one another and from those residing in lymphoid tissues by the selective expression of tissue-specific homing molecules. For example, b7 integrin and CCR9 are preferentially upregulated on gut-homing T cells. 26 On the other hand, T cells homing to the skin require expression of CLA and CCR10. 27 More recently, it has been shown that brain-, skin-and mucosal-resident T cells selectively upregulate CD103. [28] [29] [30] The expression profiling presented here provides clues in identifying genes that may be important in CD8 þ T-cell homing and development in the liver, such as CXCR3 and CXCR6. It is possible that the liver-associated expression of these molecules is influenced by tissue-derived factors, and they may have a critical role in homing as well as the survival and functionality of activated T cells, as described in other systems. 31 In addition, CD8
þ T-cell subsets with different effector function potentials have also been described. 32 Given the differential expression of genes associated with effector function between spleen-PyCD8 and liver-PyCD8 memory cells, such as Gzmb and Fasl, it remains an area of future investigation to determine whether these two populations may also show differences regarding their functional properties.
Our study also revealed that several transcription factors are differentially expressed between liver and spleen memory cells. One of them is KLF2, which has been previously described to regulate the expression of CD62L and S1P, both implicated in T-cell homing in lymphoid organs. 33 We also found that Eomes, a master regulator of the development of effector CD8 þ T cells, 15 and Zeb2 (SIP1), a transcription factor that regulates mast cell cytokine secretion, 16 are expressed at lower levels in liver-resident memory CD8 þ T cells. How the expression of these transcription factors impact the differentiation, as well as functional properties of tissue-associated memory T-cell development have not been fully investigated.
Importantly, the liver-derived memory T cells express high levels of cell cycle genes such as Ki67 and Chek1. It is possible that a continuous low-level proliferation is partially driven by the extended presence of Plasmodium liver-stage antigens, which are known to persist for at least 2 months after immunization with radiation-attenuated, non-replicating malaria sporozoites. 20 Continuous Plasmodium antigen presentation may induce some level of persistent T-cell activation, as evidenced by CD69 expression and upregulation of certain effector molecule transcripts in memory liver-PyCD8 þ T cells. Although some chronic viral infections, such as LCMV, can lead to T-cell exhaustion, we did not observe significant upregulation of the hallmark exhaustion markers. Clearly, even if the liver-resident memory CD8
þ T cells experience prolonged presentation of Plasmodium antigen, the resulting transcriptional profile of Plasmodium sporozoite-induced CD8 þ T cells did not fully resemble the gene signature of T cells exposed to repeated exposure to bacterial antigens 21 or CD8 þ T cells undergoing exhaustion, as a result of chronic viral infections. 22 The lack of a demonstrable inflammatory reaction to the persistent Plasmodium antigen could explain the absence of hallmark exhaustion markers on the antigen-specific liver-PyCD8 T cells.
As noted previously, the liver microenvironment is likely to influence the transcriptional profile of these cells. Tissue residency is known to influence expression of certain markers, and it has been proposed that the liver may serve as a 'graveyard' for lymphocytes, as apoptotic lymphocytes have been observed to accumulate in the liver. 34 In fact, it is believed that in the liver, there is a predominance of immunosuppressive signals 35 and, therefore, we speculate that the different cell types found in this organ, such as Kupffer cells, liver sinusoidal endothelial cells and hepatic stellate cells, could impact the gene expression profile and
Recently, Wakim et al. 36 reported a comparative analysis of the phenotypic and transcriptional profiles between antigen-specific brain-resident CD8 þ memory cells and memory cells from the spleen. There are notable similarities between liver-and brain-resident CD8 þ memory cells including the downregulation of the expression of the key regulators of T-cell differentiation, Eomes and Tcf-1, and the upregulation of the genes encoding certain inhibitory receptors, as well as the gene encoding Gzmb. An area that appears to distinguish tissue-resident memory CD8 þ cells from memory cells in the spleen is the apparent need for alternate survival factors for long-term maintenance. Liver-and brain-resident memory cells have reduced expression of the interleukin-7 receptor and, in the case of brainresident memory cells, are unresponsive to interleukin-7 or interleukin-15 stimulation. Also of note is that neither of these tissue-resident memory cell population demonstrates an expression profile to suggest that they have developed to a state of exhaustion. Although there are a number of similarities, important differences in gene expression are also noted. In liver-PyCD8 þ T cells, the genes encoding CXCR3 and CXCR6 were selectively upregulated, and it is likely these differences reflect tissue-specific demands for trafficking. Another area where liver-resident and brain-resident CD8 þ memory T cells appear to differ is in their potential to proliferate. In contrast to the liver-PyCD8 þ T cells reported here that have gene expression profiles indicating high levels of homeostatic proliferation, the brainresident CD8
þ memory cells had a significantly reduced capacity to proliferate, even after antigen challenge. Taken as a whole, the results from Wakim et al. 36 and our study reinforce the notion that tissueresident memory cells are a distinct differentiation fate from the central memory and the circulating memory pool. In addition, a comparison of the transcriptional and phenotypic profiles of the liverand brain-resident cells predicts that each tissue will harbor a memory population with a distinct expression and functional profile.
Our study is the first to describe the transcriptional profile of antigen-specific memory CD8 þ T cells against pre-erythroytic stage of Plasmodium parasites. We find major transcriptional differences between spleen and liver memory cells, which indicate that tissue residency has an important part in memory differentiation and development of T cells, induced by irradiated malaria sporozoites. This observation has implications for vaccine development, as many studies use peripheral blood mononuclear cells or splenocytes to evaluate vaccine-induced responses. It is possible that the evaluation of T cell responses obtained from splenocytes or peripheral blood mononuclear cells may not entirely reflect the functional and transcriptional properties of liver-resident effector memory cells. The distinctive gene signature of the liver-resident memory CD8
þ T cell population may provide important insights into immunity and vaccine development against liver-stage Plasmodium parasites.
MATERIALS AND METHODS Animals
Five-to eight-week-old female BALB/c were purchased from Taconic Farms (Hudson, NY, USA). Generation of the T-cell receptor (TCR) transgenic mice specific for H-2K d SYVPSAEQI epitope of yoelii was previously described. 
Adoptive transfer and immunization
One day before immunization, 5000 naive TCR transgenic Thy1.1 þ CD8 þ T cells were adoptively transferred to Thy1.2 þ -recipient mice. P. yoelii 17XNL sporozoites were obtained from salivary glands of female Anopheles stephensi and irradiated at 40 000 rad, as described. 9 For immunization, 5 Â 10 4 irradiated sporozoites were injected intradermally at the base tail.
Antigen-specific CD8 þ T-cell isolation Tissues were harvested from mice 30-45 days after immunization. Single-cell suspensions of lymphocytes from spleens were obtained by grinding the tissues between the ground ends of two microscopic slides and then filtering them through 100 mm pore-size nylon mesh. To isolate intrahepatic lymphocytes, livers were perfused with 10 ml ice-cold Hank'sbuffered salt solution and the liver pellet was suspended in 35% percoll, followed by centrifugation at 500 g for 20 min at room temperature. To improve sorting efficiency, antigen-specific Thy1.1 þ CD8 þ T cells were first enriched using phycoerythrin (PE)-anti-Thy1.1 (Clone OX-7) antibodies (BD Bioscience, San Diego, CA, USA), MACS anti-PE-microbeads and MACS LS separation columns (Miltenyi Biotech, Auburn, CA, USA) at 4 1C. The enriched cell fraction was then sorted using a FACsAria (BD Biosciences), and the viability of the sorted cells was verified by flow cytometry.
RNA isolation and microarray RNA was extracted from purified memory Thy1.1 þ CD8 þ T cells immediately after cell sorting, using the RNAqueous Micro kit, according to the manufacturer's protocol (Ambion, Austin, TX, USA). Complementary DNA (cDNA) was synthesized using WT-Ovation Exon Module version 1 and the FL-Ovation cDNA Biotin Module version 2 (NuGEN Technologies, San Carlos, CA, USA). The cDNA probe was then hybridized onto Mouse Exon 1.0 Affymetrix chips (Affymetrix, Santa Clara, CA, USA) at the JHSPH Genomic Analysis and Sequencing Core.
Microarray analysis
Hybridization was done for three biological replicates composed of cells isolated from pools of 10-12 immunized mice for each replicate. Microarray data analysis was performed using Partek Genomic Suite software (Partek Inc., St Louis, MO, USA) version 6.6. Core probeset was used for probeset filtering. Probeset-level expression was normalized using the robust multi-array method, signal was log 2 transformed and probeset summarization was done by median polish. For gene expression analysis, exon expression was first summarized to gene level using mean. A false discovery rate (q-value) of 0.05 (unadjusted p-value range: 3.9778 Â 10 À 8 to 0.0028) was chosen, and genes with an absolute fold-change of 1.8 were selected for GO analysis. GO enrichment was performed using Fisher's exact test. Terms containing o10 genes or 4500 genes were not included in the analysis. GO terms with an enrichment score 41.3 (which corresponded to negative log of the P-value 0.05) were considered significant. GO analysis of variance was also performed using Partek software, and those with FDR of q-valueo0.05 were included in the analysis. GSEA V.2 algorithm/platform was used for GSEA (Broad Institute) and was performed as described 18 after converting probe set identifiers to gene symbols. Genes were ranked according to t-tests and 1000 permutations on the gene set were performed. Enrichment was considered significant if FDRo0.05.
Quantitative PCR cDNA was synthesized from RNA obtained from independently sorted samples. RNA was reverse transcribed into cDNA using the RT 2 First Strand kits from SAbiosciences (Frederick, MD, USA), following the manufacturer's protocol. Quantitative real-time PCR was performed using SYBR Green PCR Master Mix (SAbioscience) on an ABI 7300 real-time PCR instrument. Foldchange was normalized to naive control samples, using the following housekeeper genes: Gusb, Hprt, Hsp90ab1, Gapdh and Actb.
Antibodies and flow cytometry
Antibodies were purchased from eBioscience (San Diego, CA, USA), unless otherwise noted. The following fluorochrome-conjugated antibodies were used: allophycocyanin (APC)-conjugated CD8 (clone 53-6.7), KLRG1 (clone 2F1); fluorescein isothiocyanate-conjugated Ki67 (BD Biosciences, San Jose, CA, USA), PD-1 (clone J43), 2B4 (clone eBio244F4) and GZMB (clone 16G6); PE-conjugated Thy1.1 (clone His51), CTLA-4(clone UC10-4B9), CD160 (clone eBioCNX46-3), NKG2D (clone A10), Eomes (clone Dan11mag) and T-bet (clone eBio4B10). Intracellular staining with anti-Eomes and anti-T-bet antibodies were performed using Foxp3 staining buffer set (eBioscience), following the manufacturer's protocol. All results were collected with CellQuest software on a FACSCalibur (BD Biosciences).
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